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ABSTRACT
The Magneto-Tellurio Method of Prospecting
William Baldwin Thompson
Submitted to the Department of Geology and Geophysics on
May 26, 1958 in partial fulfillment of the requirements for
the degree of Bachelor of Science and Master of Science.
The purpose of this thesis was t o devise a sobemw
of detecting and recording the horizontal electric and magnetic
components of the earth t s magneto-tellurio field. This was
accomplished using porous pot electrodes and an inductance
coil as detection instruments. An electrical system then
transferred the signal to Sanborn recording tape. A speo-
trum,analysis over the region of invectigation, which was
.02-2 cycles, revealed that for both E and H the major con-
tribution to the signal was due to the longer period varia-
tions, The outline of an interpretation scheme based on
Cagniard t s plane wave solution for the MT field is included
together with tape recordings indicating possible correlations.
Thesis Supervisor: Theodore R,1 Madden
Lec turer in GeophysicsTitle :
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aStatement of Problem
The problem to be dealt with in this thesis is
the laboratory instrumentation and field test of a system of
equipment designed to accurately record the variations of the
earthts magneto-telluric field. This work is largely a eon-
tinuation of that initiated by Cunningham in 1957* The major
problem encountered was that of detecting the magnetic field
variations, and a detailed description of the solution to this
problem will occupy the major portion of this paper. In addi-
tion field records t11 be submitted in conjunction with a
discussion of their significance.
The purpose behind the dqvelopment of this system
is to afford a means of investigating the electrical and struc-
tural properties of the region in the earth penetrated by
frequencies in the range .02 - 2 c.p-a. Cagniard (1953) has
given the mathematical solution to the problem for the two and
three layered oses in one-dimnsional geometry, and Neves
(1957) has formulated a finite difference approach to the prob-
leam in arbitrary two*dimensional geometries.
The MT system devised here has the advantage over
such eleotrical methods as applied field techniques of eliminating
a current soure,flexibility in the range of data which can
be simultaneoafly recorded, and greater possibilities of in-
terpretation, both quantitatively and qualitatively.
3Theory
The basi theory involves aeasuring the hort.
,ontal components of the earth's electric and magnetic fields
at the surface and comparing the=. The ratio of the two VG0e
tors determines the conductivity Of the earth for a partiu
lar frequency, assuming we can make a good estimate of the nag-
netic permeability. These horirontal field components are
damped out exponentially with depth at a rate which will be
shown to be proportional to the (frequency) , so that the longer
period variations will give us information at greater depths.
The field procedure will involve simultaneous recording of
both eleotric and magnetic fields over a t de frequency ban4
thich can be subsequently filtered in the laboratory to compare
narrow band or individual frequency components.
The MT method takes advantage of extensive current
sheets which propagate through the conducting layers of the
earth. The source electrodes for such phenomena are effec-
tively at infinity, and so this allows us to overcome the
problem of large finite electrode separations necessary for
deep penetration in applied field work* These currents are
caused by the rotation of the earth through the magnetic
field of ionospherie currents, magnetic storms, etc. Currents
due to local sources are superimposed on these large scale
effects, but, according to Cagniard, this has no distorting
effect on MT interpretation.
Duo to the large scale nature of the souree, the
4.
XT field, which is, in fact, an electromagnetic phenomena,
may be treated mathematically according to the theory of plane
waves. Neves (1957) has pointed out that the refracted waves
originating at the earth ts surface, due to the large difference
in the propagation constants of the air and ground, all travel
vertically downwards regardless of the angle of incidence.
Following the basic method of Gagniard, but keeping
to MKS units, we Oonsider a unit cross section of earth exw
tending to essentially infinite depth vttth a coordinate system
defined such that positive 'Z" is in the dowawrd direction,
positive "X" is into the paper, and positive "Y" is to the
right.
Sir=* what we plan to measure at the surface are
perpendicular tangential oMonents of R and H these can be
designated as Ex and E17. The plan* wave representation for
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measuring positive angles counterclockwise.
The "skin depth", or "depth of penetration" is
expressed by the exponent of the vertical danping term, namly,
p= V 2/ q Thus*, when the vertical depth is 4 f
the amplitude of the field vector has dropped off by a factor
of of its initial value at the surface,
This fact is used to estimate the depth of material
sampled by a particular frequency,
The above solution for F/H is for two semi-winfinite,
plane boundary, homogeneous media, The general magnetotellurio
method involves measurement of amplitudes and relative phase
angles of i and H. It can readily be seen that this ratio is
solely a function of the electrical properties of the ground
to be sampled and the frequency of the sampling wave. Thus
for a given point on the surface of the earth the E/i ratio
should be constant with respect to time for any particular
frequency, since any magnetic or electrical disturbances in
the atmosphere or the interior of the earth would induce such
changes in both E and H as to keep their ratio constant.
In principle, judging from the average values of the electrical
properties of the earth, the range of freuencies of interest
in this paper should allow us to examine depths as great as
400 km. in the earth.
A further point to be noted# as proved by Nves
(1957), is that for an electric or magnetic polarijed plane
wave, polarization indioating that either E or H points in the
direction of the strike in two dimensional structures, the
surface B or H field is constant even over regins of changing
conductivity. This is a point to be seriously considered in
interpretation,
For the onsndimensional layered problem treated
by Cagniard data at a single observation point. on the surface
is sufficient for interpretation# In the twoodimensional
structures treated by Neves, however# a line profile of data,
preferably perpendicular to the strike line, is necessary for
interpretation. With this information a vertical profile pap
of apparent resistivities may be constructed in a manner
analasgous to applied field profile mapsin this case using the
skin depth as the depth of sampling,
In the actual field measurements to be carried
out it will be important to determine how much of the eleo-
trio field which is recorded is actually due to tellurie
currents, and how much is merely instrument pickup indued
by the power generating device to be used, The same problem
will be eneountered as far as the magnetic recording is
concerned, and every precaution must be taken in the field
work to isolate the E and H field detection devices from sources
capable of producing fields in addition to the natural fields
we wish to detect. In other words, the motor generator unit,
for instance, which shall be used as a power supply, will produce
a field which we may consider as non-magnetowtelluric, and
this will tend to obscure the infomation of interest, Furthers
there may be natural phenomena such as streaming potentials
which will give a detectable electric field, but which may have
no associated magnetic field.
Design of Field Equipment
The design of suitable field equipment may be
treated in three stages: a detection device to convert the
Earth field into an electrical signal; possible amplification
of this signal; and the recording of the electrical signal in
some manner which lends itself to a meaningful interpretation,
whether this be qualitative or quantitative. Detecting the
electric fie3d' is accomplished by means of measuring an effee.'
tive voltage induced in the ground due tc the passage of an
electric field through a media of finite conductivity. Contact
with the ground is obtained by means of porous pots containing
a copper sulphate solution. Copper electrodes immersed in the
sulphate solution connect to a wire strung between two pots.
The voltage measured between the two pots is related directly
to the E field'ky the equation 5E. =
when the surface field is uniform and the conpseting wire
lies on the ground so that, considering the ground-wire
system as a closed loop, all the potential lt ich occurs on a
straight line betwoon the two pots will appear directly across
the voltmeter. The amplification problem in the ease of the
electrie field is virtually non-existent due to the magnitude
of the field and the nature of the parameter to be measured,
Since the voltage is linearly proportional to the pot separation,
the output signal can be increaad merely by increasing this
distance. The electrical signal is eventually transferred
to Sanborn tape as a permanent record. Typical values are on
9.
the order of millivolts for 1000 meter pot separations,
A more challenging problem presents itwelf in the
accurate detection of the horiontal component of the magnetie
field, The variations which occur are of extremely small am*
plitude, so the problem was to design a rather compact coil
system which would accurately detect the field, The standard
method of detection is to measure the output voltage of a coil
which intercepts the field lines, since time variations of the
field indune a voltage in the coil.
Using Faraday's Law: NA .1
where V voltage,
E- total number of turns
A orossiseootional area of ooil,
sm- ACw 13--l ~e t e'/r-e
then) 11
and H is the measurement we are actually interested in,
TMs: A (v' wAi
The physical parameters which can be varied in
the coil design are N and A. In order to get an order of may'--
nitude to estimate whit the product NA should be, we use
WA = - Qi11o W
To obtain an order of magnitude for H, we use / L 7c//
Using some sample data for the E Field observed
by Gunningham over a region where (raOOV obm-meters, the
electric potential was 3 millivolts for a 1000 meter spread.
The above equation then becomes
.200 x ii x M,
ft 0 : 9fT- 44/D ':-4ay i c/Dr.
IW - / 7f ,K/7 6 x/
9k'( o {/'4i me C/
We want to maxima NA, and about th e smallest
voltage we can deal with is on the order of 2 or 3 x 10 4
volts. This means NA must be around i10 . This calculation
was made on the basis of an air coil, since was used.
The air coil used by Cunningham had an A : 1, and N 5,000.
This only had an NA ' 5,000 instead of the necessary order of
7
The only parameter which can be varied to in.
orease NA is &,so this was the next point of investigation.
Thwe are various types of high MU-metal cores which can be
used to increase the effective B field inside a coil. Inves-
tigation of the shape of the core to be used led to the con-
elusion that maximum efficiency could be attained through use
of a long, thin rod. Although the metal processing determines
the initial permeability of the rod, the shape factor deter-
mines the effective permeability which will increase the flux
lines through the core. Soimerfold has solved the magnetoo-
static boundary value problem for the relationship between
the magnetic field strength inside and outside an ellipsoid
of revolution. In the limiting case where the long axis
becomes Very much greater than the cross-sectional axes, the
/0.
/.
ellipsoid approximates a thin rod. The solution expresses
the following relationship:
- w OPg 9ec eu rrt
g=A7AZ / prOre &&ys
There are many limitations which influenced the
final choice of the type of rod to be used. frcnmS. bafeld1$
equation it is apparent that the greater the ratio of length
to crose-sectional width of the ro:, the greater advantage
may be taken of the high initial permeability of the rod. This
means that for a given practical upper limit to the rod length,
decreasing the orose-sectionel area will increase the effective
permeability and thus tend to increase the effective coil area.
This is counteracted by the fact that we are actually decreasing
the coil area to employ this advantage in the first place.
Therefore some compromise area had to be arrived at which
would give the maximu effective area, and thus the maximum
output signal. The rod which was finally used had an effeo-
tive area of about 1 with an actual area of 3.87 x 10"4
(meters)2, providing a small area on which to wind the inductanoe
coils.
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II Coil Design
The final coils were wound on individual plastic
spools which were designed to be slipped over the permalloy
rod and connected in series to give a manageable set-up readily
adaptable to field use. The amount of wire on an individual
spool was limited by the resonant characteristics of the coil.
Besides the inductance normally associated with a coil of wire
there is also a capacitive effect due to the fact that over-
lapping layers of wire are at slightly different potentials
which depend upon the resistive nature of the wire. The coil
may be represented equivalently by an RLC circuit which has
an associated resonant frequency. The coil should be designed
such that the resonant point lies outside the frequency
spectrum of interest since the amplitude and phase relationships
undergo rapid changes in the frequency range close to resonance.
III Filter Design for Magnetic Recording Circuit
The main function of filter "N" is to attenuate
60 cycle pickup. Under normal field operating conditions the
amplitude of the 60 cycle signal is on the order of 5 x 103
greater than the low frequency signal of interest, trius
obliterating the effect of the signal. The type of filter to
be used is limited by the input and output impedances necessary
to cdaply wi th the rest of the circuit. The input impedance
must be greater than 1 Meg,, since the equivalent source air,
cuit has about 1 Meg. in series with it, so that if this faces
an equivalent impedance, one half of the generated signal is
A.C. Amplifier
The 60 cycle modulated output of the inverter
is then fed into a battery operated bp a.c. amplifier to ins
crease the signal by a greater amount. A glance at the block
diagram for the magnetic recording circuit seems to indicate
already lost by the remainder of the circuit, The output
impedance of the filter should not greatly exceed 10 Meg#
since this is the upper liait to the load which can be hung
across the input to the inverter. There are inductive filters
which can be designed to have a resistive peak at one particu-
lar ftrequency, e.g. 60 cycles, and pass all other frequencies
with negligible attenuation. Unfortunately this type of file
ter has a very low input impedance due to the inductive effect
at low frequencies. An RC filter was finally used, the nitmber
of stages being limited by the small impedance range between
the input and output.
IV Bias and Inverter
Bias "A", as designed by Cunningham, is used to
keep all signal variations above the zero dec. level before
going into the inverter. If this is not done, the demodulated
wave at the output of the amplifier will not reproduce the
original low freguency wave envelope.
The sensitive inverter acts as a low noise chopper
amplifier which has an output chopped at 60 cycles and aapli-
fied by a factor of 100.
A
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the rather purposeless steps gone through to amplify a small
signal initially on the order of tenths of millivolts only to
cut it down in the final stage to the order of millivolts,
which is determined by the amount of signal the tape recorder
can handlei The reasoning behing this is two-fold. One is
that we must have a signal which is much greater than the
noise levels associated with the Krohn-Hite filter and the
400 cycle chopper. Also the diodes which are used in the
detection circuits do not operate at signals on the order of
millivolts, but will, however, function properly when the signal
is on the order.of volts.
Normal field operating point for this amplifier
was *20 db, The amplitier output is then passed through a
detection cirouit to obtain the original low frequency wave form.
VI Krohn-Hite Filter
The purpose of using this filter in the field
recording is so that narrow frejuency bands may be recorded
Individually over the entire range from .02 to 2 oyoles pro-
viding an electrical method of Fourier analysis in the frequency
domain. This analysis is necessary for interpretation since
we want to compare amplitude and phase relationships of individual
frequency. componcnts. Since there was only one Krdhn-Hite
filter available, it was used in the field recording of the
magnetic signal; the electric signa was recorded wide band
and then filtered on the playback between the magnetic tape
and the Sanborn tape. In this manner both signals pass through
the same narrow band, even though this occurs at different stages
/6'
of the circuit. Ti disadvantage of recording a wide band
signal on the magnetic tape is the fact that some freQuency
components may have extremely large amplitudes in relation to
others, and thus they will completely dominate the total
signal. Due to the limited amplitude which may be put onto
magnetic tape, the effect of the small amplitude frequenoies
will be practically undetectable on playback. If, however,
a narrow band recording is Made so that frequencies of widely
differing amplitudes are essentially isolated from each other,
then by changing the amplifier setting they can all be recorded
on the tape so as to take full advantage of the saturation
limit of the tape.
VII Final Stages
After the Krohn-Hite filter the signal, now low
frequency with an amplitude adjusted to be on the order of 3
volts JMS is biased and chopped at 400 cycles. This is because
the amplifier in the tape recorder playback has very poor
response at low frequencies. The voltage- divider is' designed
to out the signal down to about 4 millivolts RNS, above which
the magnetic tape saturates.
Low Frequency Amplifier Design
This amplifier was designed to be a compact,
low'cost unit which would replace four stages of the magnetic
recording circuit, namely bias "A", the inverter, the ac,
amplifier, and the detector* The basic design problem is that
of finding a good eoupling circuit between amplifier stages.
The practical limitations on the maximum size of the coupling
capacitor force the grid resistance to a very high valus,
Any leakage currents associated with the grid of the tube or
else with one of the capacitors flow across this high grid
resistance and create a noise voltage which appears at the
input to the tube. This will be amplified by all the succeeding
stages and the final output will have a signal to noise ratio
mvish less than one, The amplifier in Fig6. A had an overall
gain of 700; but while this was stable at one eyle, at #1
cycle the drift was on the order of ton times tho signal emplitude.
The circutt which appears in Fig. B is essentially
the same as A except that the two middle stages employ the
trick of'applying the tube input voltage between the grid and
a tap-in point o the oathode resistor instead of between grid
and ground, This has the effect of increasing the grid resistance
as seen by the preceding stage and simultaneously decreasing
the total gain. This allows us to decrease the actual grid
resistance, which will reduce the noise generated by leakage
currents, and still maintain a high effective input impedance
so that most of the signal won't be lost in the coupling
network. The amount by which the effective input impedance
increases depends upon the ratio of the cathode resistance
/7'
above and below the tap-in point. A limit to how much stabili"
zation may be achieved in this manner is set by the lowest
value of loop gain which can be tolerated.
The cathode resistor values which appear in Fig# B
left the amplifier with a total gain of only 100* but a reasone
able degree of stability had been reached, The output signal
throughout the spectrum was superposed on a drift variation
with a period of about 3 minutes and an amplitude about twice
as great as the signal. Since this period is much longer than
that of most of the spectrum of interest, it should be possible
to separate the signal from the drift by direct observation of
the Sanborn tape. Since the average value of signals put out
by the coil in the field was 4 av,, this amplifier would boost
that to 50 mv., which is well above the noise levels of the
Krohn-*Hite filter and 400 cycle chopper. This amplifier was
not used to make any of the field recordings.
'at
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Prequency Spectrum Analysis
In this section the Sanborn tapes will be analysed
to compare relative amplitudes of E or H throughout their
separate frequency spectra in order to determine which free
quencies dominate the total signal and which frequencies are
subordinate. Using these results we may get some idea as to
which signals are associated with the magneto-telluric field
and which signals are possibly generated within the recording
system. Further, this analysis may give some indication as
to the nature of the source of the MT field.
Magnetic Spectrum
Before a spectrum analysis may be made the entire
recording system between the coil and the Sanborn tape recorder
must be normalized to account for any relative variation of
signal amplitude due to instrumentation techniques. For the
magnetic system there are three sources of amplitudL variation
as a function of frequency* The first is due to the nature
of the field pickeup devtce. Recalling the equation
JHI V/NA$W, where NA is a constant due to the coil design, and
approximating .p as a constant with depth, it can be seen that
d is inversely I)roportional to the frequency; or, R t VT,
where T is the period of the wave. Thus, since the nature
of the tranadwer is to amplify the magnetic field signal
propo tional to its frequency, the final system output w ich
appears on the Sanborn tape must be normalized to account for
this. This will be designated as the "T" factor.
A second source of amplitude variation due to
the recording system lies in the characteristios of filter
"M". This filter is designed to attenuate the higher frequene
dles. If .02 cycles is taken as the reference point, then
the filter output at frequencies above .02 must be multiplied
by a factor which is a function of frequency to normalize 41-e
filter output voltage with respect to input voltage. This
shall be designated as the "N" f4ctor, the values of which
appear on the Filter Normalization Curve,
The third source of aaplitude variation is the
amplifier control of the Sanborn* TiAs can be accounted for
by reducing all response signals to a cowmon control setting,
In the results which follow signal amplitude will be measured
in centimeters, as it appears on the Sanborn tape, multiplied
by the attenuation factor at which the signal Is recorded,
All amplifiers in the recording system remained
at the same level during field measurements regardless of what
frequency band was being recorded, so there is no calibration
necessary due to these components. In this spectrum analysis
we are only concerned with relative amplitudes of H, so any
amplification or attenuation factors in t he system &ich are
not a function of frequency may be neglected. In the results
which follow, the predominant frejuency in each narrow band
was determined by scaning the Sanborn tape.
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May 1 Record
Frequency Range (cep.a.) 2-.6
Predominant Frequency (1..a.) 1
"TW Factor (predominant period) 1
Signal Amplitude on Sanborn lx20
"N' Factor 3
HR (relative H) 3
May 18
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Predominant Frequency
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1.3
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These results indicate that the major part of the
signal in the region of investigation is composed of the longer
period variations, the 24 second period component contributing
most of the total signal with a 7 or 9 second component of
about half the amplitude of the 24 second one, This leads one
to expect that the longer period variations would be more
closely associated with the MT field than those of short period,
since there is always the posuibility of some random &ignal
appearing at the output and being superimposed ;0x the MT signal.
Assuming that this non-magneto-tellurio noise has a constant
.6-a2
2.5
1,2X20
1
3
.2-.06
.11
9
2x20
1
18
*06.02
,04
24
2X20
I
48
.2*.06
.14
7
1
4.5
,06-.02
.04
24
2x(5
I
4.8
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ngSULTS:
amplitude with respect to frequency, the signal-t*oise ratio
at the system output would be greater at low frequencles.
Sleotric Spectrum
For a spectrum analysis of the electric field
we have E O V, where V is the voltage level appearing on the
Sanborn tape. All amplification recording factors remained
constant throughout the spectrum, and the filter normalization
factor for E is always approximately equal to one between
.02i and 2 o.p.a. Only one field recording had an aocurate E
record on it; the results are the followings
May 18 Record
Frequency Range (o.p.a.) 2".6 .6-.2 ,Ze.06 .O6wt02
Voltage Amplitude
on Sanborn Tape 8x5 3.4-5 6X20 4x2o
Predominant Period (sec.) 1.5 4.5 7*5 and 20 and
10 30
ER (relative Electric field) .8 3#4 24 16
From these results it appears that, as in the magnetic
case, the major part of the signal is due to the longer period
variations, However, it should be noticed that here the
relative field value in the .06-.02 range is less than in the
.2-.06 range. This may be due solely to the instrumentation
limits, An indication that this may be the case is given by
the following. The E variations were reoorded wide*band in
the field, since there was only one Xrohn.-$ite filter available,
24.
while the H field was recorded in the reepeotivf narrow bands,
When an originally wide-band H recording was bando-pass filtered
at a point in the system between the magnetic tape and the
Sanhorn tape, thus performing the various operations in the
same order as was actually done in the electric field system,
the spectrum analysis results showed one outstanding differ-
once when compared with results filtered before tape recording.
The values of MR for decreasing frequency ranges were 3.,
5, 17, 6. Thus it seems that the instrumentation has the
characteristic of losing the offset of the signal in the
402"406 cycle range. For this reason it seems necessary that
for accurate results to be used for interpretation a band-pass
filter is required in the electric system before the chopper.
INTERPRETATION
This part of the paper was not carried as far
as was originally expected due to the instrumentation probe
lens Which had to' be solved first. However, a general scheme
of tape interpretation will be outlined and sample tape
recordings will be presented to indicate the correlation between
the electric and magnetic field signals,
Before any interpretation is possible using the
Sanborn tapes, the entire recording system must be calibrated
so that the output voltage which appears on the tape nay be
related directly to the E or H field which it represents. For
the magnetic system; we have the expression A.. - /tAYW
where V is the output voltage of the coils. This voltage is
further modified by the transfer function of the recording
network. This transfer function may be designated as
where *, output voltage and 4. V input voltage ex*-
presses an amplitude and phase relationship between so and
a as a function of frevuency. In the present ease V Z e
ande a voltage reocrded on magnetic tape. In addition,
there are the scale factors due to amplification by the tape
recorder and attenuation by the $anborn recorder, Denoting
Alm as tape recorder amplification and A2 as Sanborn atten-
uation, we have the relation .p LYV)VAI ;.9) Att AM Am
where -Vis the signal voltage recorded on the Sanborn tape.
This expresses the relationship between V61 and H in .terms
of known constants and instrument transfer functions which can
be measured for any frequency.
"S
For the electric field measurement the Voltage
between the two pots may be represented by 5r/( where S is
the electric field intensity and L is the length of wire,
This voltage a is then modified by the transfer function
of the recording system between the pots and the tape recorder,
the amplification factor AE of the tape recorder, and the
attenuation factor AgE of the Sanborn. Therefore ee 3 LETA)AE z
where e., is the voltage appearing on the Sanborn tape. It
should be noted here that A , and A. must include a calibra-
tion factor relating the Sanborn output voltage to its peakewtoe
peak amplitude reasured in centLaeters on the tape.
Once the total transter function for eacb system
Is known, it can be applied to sections of the -born tape
which appear to have some correlation# This will determine
the amplitude and phase angle of B and H for the particular
frequency band, and the results tiay be used in the equation
E/// V"/r e'to determine t
A possible scheme of exploration would be to make
field reeordings at spaced intervals on a straight line at the
surface, and then, for each station, plot the conductivity cT
vertically at a depth equal to the skin depth
4.
Sanborn Tapes of Field Records
The tapes presented in the folder are to
indicate possible areas of correlation between the two
signals.
Tape No,
1
2
3
4
5
.02w2
2-.06
*6-*2
*2-06
406w02
eOR0ording Date
May 18, 1958
May 1, 1958
Each timing space at the bottom of the tape repre-
sents one aeeon4.
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SAMPLE EVALUATION OF FIELD DATA
Using order of magnitude arguments it can be shown
that the voltage values measured in the field indicate a
plausible value for Q~
The average value of the coil output was about 10"
volts. Using the equation IH V/NApw (all calculations done
in MKS units) * where: Au =effective area x a0  1x100 6
N z2 x 105
w=.6 ( for f equal to I cop.s.)
0-5V-// -3
Thush 
..X , x. 6 ampere-oturna/meter
Typical values for E were on the order of 10* volts/300 meters.
Then: E = V/ = 10"1/300 S 3 x 10" ."'/oA /eg4 ,-
Using the equation and taking uz u,
3/ o-/y(
-- s'Ox.'-
-6~I
61,2 -- 6 - )5
This reasonable value for ('is
field measurements are of the correct
(oL - .et t  /
an indication that the
or.der of magnitude.
II
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APPENDIX I
Equipment Design
1. tHigh-M Rod
The final choice of a rod was strongly biased
by the availability of materials which could be purchased.
The rods selected are 4-79 Ho-Fermalloy purchased from the
Arnold Engineering Company. The specifications on the rods
are u* X 20,000, 2b : 7/80, 2a S 90". According to the induse
trial catalog this material is strain sensitive, but they
give no order of magnitude for the change of the permeability
as a function of strain. It is very doubtful that uj is
actually the specified 20,000, since the rods were delivered
with large dents which must have altered uj somewhat, The
actual effecti4e permeability of the rod could be measured
by inserting it through a coil of known inductance and applying
a knwn field, then measuring the output voltage of the coil.
The specification curves printed in the technical
bulletins published by Arnold indicate that the region of
operation which we are concerned with lies in t he domain of
raximum response for this particular alloy. The flux density
should be on the order of 2-4 kilogaussA which lies below the
saturation point for Permalloy and in the region of maximum
permeability as a function of B.
Using the Sommerfeld expression to calculate the
effective permeability of a rod of the dimensions given, we
havet
31.
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g te t|
Wett A 4000 = 9,294
3..
The minimum NA for an air coil was nlo7, but
since NA is inversely proportional to u, for the Perzalloy
core the minimum NA can be A 10/3000 CS 3.7 x 103.
The coil area is very small, however, and in MKB
unite A. srr .z A $6 to :6
14 - A/A 3.9P7 -t
This means N smet be t' 3.7 X- 10 3 /3.87 X 1o4 t'o7 turns.
This is a rough order of magnitud, estimation
and experimental results in the field show that for N Z 0(106)
a reliable signal can be recorded. The high mu core has the
characteristic of increasing the effective area of the coil.
In this case the actual areai is 3.87 x 10 4 and ft effec-
tive u 3 x 103, so the effective area is about one. The
effective area of the air coil was also one, but it is going
to be mach easier to rat a large number of turns on a round
7/8" diameter core that it would be on the 1 meter square
air core. The final number of turns used in field recording
was 256,000, and we might notice that this would put out a
signal 256,000/5,000^- 50 times as great as the air coil.
2* Coil Design
# 40 Formex Magnet wire was used in the winding,
This small size wire was used largely to diminish the total
weight and volume of the coil for a given number of turns.
As it turns out, however, this was not a very good criterion,
and it would have been better to have used heavier, lower re-
sistance wire, since the resistance of the coils places a
serious limit on the total number of turns possible, as will
33.
be pointed out later. The individual plastic spool& have an
inside diameter of 2.3 cm., outside diameter of 7.6 cm
and a width of 2.7 cm.
It was found experimentally that the resonant
frequency of the coil was inversely proportional to the num.
ber of turns. For 50,000 turns the resonant point for a coil
with the Permalloy core is about 17cO.p.S, Increasing the
number of turns per coil would lower the reionant point into
the spectrum of investigation, and this is to be avoided.
The overall number of turns may still be increased, however,
since several coils with similar resonant characteristics
placed in series will have the same resonant point as an in.
dividual coil,
The field equipment consists of 4 coils of 50,000
turns each and 1 of 56,000 turns. The spools were wound on
a device which consisted of a modified Signal Corps tape
winder. .This system had a continuously variable adjustment
to control the r.p.i=,'s which solved the inertia problem of
breaking the wire at the first instant on high %peed lathe
winding. Normal winding time was one hour per 50,000 turns,
In order that the signals of the respective coils
shall add when placed on the rod, the terminal lugs, both of
which appear on the same side of the individual coil, should
all be on the same side of the observer, whether it be left
or right. One lug on each coil is marked "V& These are all
like poles, so when the coils are connected in series, each
"N" pole should be linked to an unmarked pole.
341.
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3. Detection Circuit
In order that the detection circuit be able to
follow the low frequency envelope, the RC time constant must
be adjusted so that 4 V
where %1m is the envelope frequency in radiana/seo. and M is
the modulation factor, which can be adjusted in the field to
be very close to one. In this approximation it would seem that
the capacitance should be zero for 100% modulation. Under
these circumastanees the output would not follow the wave form
of the input voltage. Additional factors such as source tim
pedance modify the detector, however, so that harmonic dis-
tortion will not be excessive is RC . This equation
just governs the produet of R and C. Individually R should
be much greater than the forward resistance of the diode and
much less than the back resistanee. The capacitor should be
on the order of .5 to 10 icrofarade, the higher capacitance
providing a better smoothing effect.
4. KrohndiHita Filter
This is an ultra-low frequency band-pass filter
with a minimum low frequency cut-off at *02 c.ps.a and a max,
imum high frequency out-off at 2,000 cycles. The bandnpass
gain is 0 db t 1 db. There is a high input impedance of about
20 Megs. and an output impedance of 5 Ko The maximum input
amplitude is 10 volts RMS with an associated internal noise
generation of one millivolt, Attenuation is 24 db/oc tave
outside the pass band.
NOTE: For components not given here* refer to
A 38.
Cunningham (1957).
5, Electric Recording Circuit
This is essentially the same as that used by
Cunningham, with one modifioation. The input to the tape is
monitored by an hp 4X00 VT'14. This may be treated as a volta
meter*axplifier with full-scale deflection on the meter being
.15 volts 81s regardless of the gain setting. It was round
experimentally that when the meter read half-scale an output
sine wave- is 10 mv. peak-to-peak, or 3.53 rt. RMS, across the
voltaga divider, About the best recording voltage for the
tape is t4 mv. RMS, which means that the moter should be ad-
justed to read about 6. If any long period self-potential
drift tends to drive the inter above this limit while recording
is taking place, the amplification level of the VTVM may be
changed to bring the signal level back to the recording level
of the tape.
F&OUL, POTa
15LOCK PiAcvAM OFr- LE C TR) C FiE-Lt? ~K7Nf c I IT'
250 V. D.C.
A0.
15LOCi V1A6ZM OF CICUIT TO T rkA5LI TfAF
M A &MET 16 TAFE 514NI. To I E rAFEg IAF-.
hi WMOZ.1-
APPENDIX II
Low Frequency Amplifier
The basic design of the amplifier employs three
RO coupled stages to provide high loop gain plus a cathode
follower to provide a low output impedance. The choice of tube
(12A17) is based on the fact that it is the same tube which
is used at the input stage to the Krohn-Hite filter which has
a grid resistance of 22 Kegs, hung across it. Most aplifiers
specify 1 Meg. as an upper limit to the load impedance but
this special purpose tube was designed to have low noise and
be capable of operating with a large load impedance, which is
what the amplifier faces at the output of filter "'M". The
12AT/ is a mediuma twin triode with fe : 23K and u x 40.
The first two stages are designed to have a quiescent operating
point around 100 plate volts and 2 ma, plate current, The
third stage operates at 125 plate volts and 1 ma, plate current.
The signal is fed directly into the grid of the first stage.
To find the gain per stage of the amplifier, we look at the
increzental model of the first stage,
RL
t t
- I e ..+ e 
+~
Since the impedance of the coupling circuit
-1 R I F is very large compared with k the parallel
(5

44.
combination of these two is approximately equal to .
: S xanV + 33V k t IBISo/NTxAnf t- i
since the highest frequency of interest is 2 c.p,8.g
Fdr /. / +, 330 K + q.3 c ,ok 33o k t e'oo
? [ . /4 w (nnimetsM)
Writing the loop equations:
e (44) (& k)
131 r f . Vc1(A+%
This gain is RC ocupled to tie next stage. A
capacitor of 10 )6 is used to block the passage of doc. ald
still pass the low frequency components of interest. A
larger capacitor would be better, but there is a practical
limit to the physical size of the capacitor used capable of
withstanding the plate voltage present in the circuit, The
330K resistor aotc as the ac. load line resistance. The out"
put to the next stage is taken off the parallel combination
of 11.5 Hegs. and -Lur. . This is designed to be a high
impedance relative to the 10 uf capacitor and load resistor
so that most of the output voltage of the preceding stage will
be transferred to the next grid input. The capacitor, is used
as a high frequency pass for 60 oycle noise.
At #02 capvs. the percent signal passed to the
next stage is given by:
1. /rAv r/ 0 // / + 330 k i- 0 n
/t /./r(.21f) */
which is very close to 90%. Only about 7/10 of the signal
is passed at 2 c.p.s.
The ratio of the grid input impedance ' WRly RCS i
at I c.pa*. to that AV 60 lp.s is given by
) +//xxo + X
In other words, 60 cycle noise is attenuated
by a factor of 50 relative to 1 cycle signalsat each grid
input. Thus, using an order of magnitude estimate, if the
original input was .1 my. signal and 1 volt 60 cycle noise#
which was actually measured in the field, the amplifier out-
put, for a total gain of 1000, would be about .1 volt signal
and 2 X 10-5 volts noise sinoe, in addition to the attenuation
due to the by-*pass condenser, high frequency components appear
across the 330 K resister and are not passed to the next
stage.
Two separate plate voltage supplies are used to
prevent the possibility of a feed-back loop existing between
stages one and three or two and four.
The cathode follower stage at the output has
a gain of approximately one and gives the amplifier a low
impedance output.
For the circuit model of Figo B, the aim was to
adjust the two cathode resistors so that the grid resistance
45.
I0A soKA
a 3.3 K
53 K-
53 K
330K .
313K (IAY7)
tm I a
F e C o
could be changed from 10 Meg to I Meg, but it would still
look like 10 Meg as far as the a.c. load line of the previous
stage was concerned. In this mamer most of the signal would
be passed by the coupling circuit, and any neise generated by
grid current flowing across the grid resistance would be dimin-w
ished by a factor of 10 relative to the circuit of Fig. A*
Looking at the incremental model for this circuit
and writing the loop equationst
k
~Res f/3 E
eA.
C
6 << 4 g'
?
C%7 Z( f t ,* -'
I-,
44~)
~~Vb
4
'4r\A i~ce~~m
1.*-- ,V v rt * K)t
Q' ~
q 4 li? 0.CC J-.-
~~f i~k,,C?
1o0 v _to; _k,__
rJf, 44r~i~) k~crjj ~
/4-4
0
1 r -kf-t *- + CA4
%% F f, - lr.,. ( e. +- ( I0 p
( ift f Pp
k2,
- - k2- C
9 1, 1- "T
ki
I-,
*~~H)4, 'f,("-_ 
_
L
A4t 1
~T:~ '~ i,
~t ~~0
Since increraantal 1 -. 0, CT , / R + r, + (Pti)(c tie.)
FrOm these equations it can be seen that increasing
K2 rill increase the effeOctive input impedano Zw , which is
what we set out to do. However, this has also decreased the gain,
since the terra (u +1)K2 appears in the denominator of G*
Therefore the factor by which the grid resistor may actually
be reduced and still comply with the demands of the rest of the
circuit 1 limited by the loss in gain which the system can
undergo and still be of use.
Jac me-k-t
F+--k -a, )
APPENDIX III
Field Operating Techniques and Comments
The electric and magnetic recording systems are
connected as shown in the block diagrams. The plane of the
inductance coils should be aligned parallel to the direction
in which the pot wire is laid so that the B field lines aeso.
ciated with the horizontal E lines in the wire direction
out the coil at right angles to contribute their maxim= effect
towards inducing a voltage, The power supply should be kept
as far as possible from.all recording equipment, since the field
that it generates is a non-magneto-telluric source which will
obscure the main IT field.
Recording Procedure for Electric Field
Set the pots into the ground at some measured
interval, e.g. 5OO meters. If the ground is exceptionally
dry, it may be saturated with water to insure better elecw
trical contact. Record wire length, as this will be needed
for calibration. The nearest pot is placed close to the
recording apparatus and acts as the ground for the whole sys-
tem. Adjust the bias so that all the voltage variations which
appear on the TV04 remain above zero. If any of the fluotu-
atione go through zero, the original signal will not be
regained on detection due to the effect of the amplifier in
the VTVM. The VTVM should be adjusted during recording to
keep the meter reading between about 3 and 7.
Recording Procedure for Magnetic Field
Set the inverter so that it amplifies the signal
by 100. Then using the a.c. amplifier as a voltmeter, adjust
bias "A" so as to keep all signal variations slightly above
zero* After this is done, switch back to the "amplify" posi-
tion. The Krohn*fite filter settings are then adjusted to
the particular band of interest. The input voltage setting
should be on "high". Using a VTVM, observe the signal at the
chopper output and adjust bias "B" to keep all variations
above zero. Finally, observe the signal after the voltage
divider and adjust the divider setting so that the output to
the tape is about 4 av. RMS* Record all amplifier and voltage
divider positions so that they may be used for calibration.
The best way of keeping records is to monitor
the magnetic tape with a microphone so that all pertinent
information will be permanently preserved with the data.
Field Data
Ttwee magnetio tapes containing field data are
available in the Geophysics Lab. They were all made in Lincoln,
Massachusetts, The pot wire was laid soitheast and the Perm-
alloy rod pointed southwest, The electric field was recorded
unfiltered, while the filter settings for the magnetic signal
were .02-2, .62, .2*6, ,06-.2, and .02-.,06 owp.a On the
record of May 1 the electric signal was not monitored at the
tape input, and there are indications on observing the Sanborn
recording that the magnetic tape was saturated. A 1200 foot
pot separation was used for this record. For the May 12
tape the electric signal is completely invaltd due to an
instrumntatirn error which was later corrected. The magnetic
signal wos saturating the tape in several sections of this
record. The record of May 18 has no defects that are known.
The pot separation here was about 830 feet,
Y3
Suggestions for Further Work
Recordings should be made using a band-pass
filter in the electric as well as the magnetic system*
The range of frequency investigation could be
extended,
A valid interpretation scheme should be formu-
lated and applied to field records or# for more meaningful
results, to a modeling problem,
~flflC~** - - -
I-,
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